When the synaptic connection between two neurons consists of a small number of release sites, the ability to maintain transmission at high frequencies is limited by vesicle mobilization and by the response of postsynaptic receptors. These two properties were examined at single release sites between granule cells and stellate cells by triggering bursts of quantal events either with ␣-latrotoxin or with highfrequency trains of presynaptic activity. Bursts and evoked responses consisted of tens to hundreds of events with frequencies of up to hundreds per second. This indicates that single release sites can rapidly supply vesicles from a reserve pool to a release-ready pool. In addition, postsynaptic AMPA receptors recover from desensitization with a time constant of ϳ5 ms. Thus, even for synapses composed of a single release site, granule cells can effectively activate stellate cells during sustained high-frequency transmission because of rapid vesicle mobilization and fast recovery of AMPA receptors from desensitization.
Introduction
The frequency range in which synapses can operate is limited by the ability of presynaptic boutons to supply vesicles for release and the ability of postsynaptic cells to respond to neurotransmitter. Because only a small fraction of the vesicles in a bouton are release-ready, prolonged high-frequency stimulation requires replenishment from reserve pools (von Gersdorff and Matthews, 1999; Sudhof, 2004; Kuromi and Kidokoro, 2005; Rizzoli and Betz, 2005) . At some types of synapses, vesicle mobilization is thought to be sufficiently slow to cause depletion of release-ready vesicles and short-term depression (von Gersdorff and Matthews, 1997; Schneggenburger et al., 2002; Zucker and Regehr, 2002; Foster and Regehr, 2004; Singer and Diamond, 2006) , whereas others refill the release-ready pool rapidly (Griesinger et al., 2005; Saviane and Silver, 2006) . For most types of synapses, the capacity of an individual release site to mobilize vesicles from a reserve pool to the release-ready pool remains unknown. On the postsynaptic side, fast excitatory transmission is usually mediated by AMPA receptors (AMPARs), which desensitize in the continued presence of glutamate and usually take tens to hundreds of milliseconds to recover (Dingledine et al., 1999; Mayer and Armstrong, 2004) . At synapses where vesicles are released from multiple closely spaced release sites such that glutamate pooling and spillover is prominent, desensitization contributes to synaptic plasticity (Trussell et al., 1993; Isaacson and Walmsley, 1996; Otis et al., 1996; Chen et al., 2002; DiGregorio et al., 2002; XuFriedman and Regehr, 2003; Nielsen et al., 2004; Xu-Friedman and Regehr, 2004) . In contrast, it remains unclear whether AMPAR desensitization contributes to plasticity at synapses with more isolated release sites (Debanne et al., 1996; Arai and Lynch, 1998; Dittman and Regehr, 1998; Hashimoto and Kano, 1998; Hjelmstad et al., 1999) .
Here, we studied transmission at granule cell to stellate cell synapses in rat cerebellar slices. Vesicle replenishment and postsynaptic receptor desensitization are of particular interest at this synapse because granule cells contact stellate cells via a small number of release sites (Palay and Chan-Palay, 1974) , they can fire at high frequency in brief bursts (Chadderton et al., 2004) or for sustained periods (Jorntell and Ekerot, 2006) , and fusion of a single vesicle can trigger spikes in stellate cells (Carter and Regehr, 2002) . The study of single synaptic release sites is ideal for understanding vesicle replenishment and receptor desensitization. We used two approaches to study transmission at individual release sites at this synapse. First, we examined release triggered by ␣-latrotoxin (␣-LTX), a peptide from black widow spider venom. ␣-LTX potently triggers vesicle release (Sudhof, 2001; Ushkaryov et al., 2004) , which can manifest as bursts of miniature postsynaptic currents from single release sites, as has been shown at inhibitory synapses (Auger and Marty, 1997; Nusser et al., 2001; Rigo et al., 2003) . Using the properties of ␣-LTX-evoked bursts to define the behavior of an individual release site, we then extended our study to analyze transmission under more physiological conditions by evoking high-frequency trains of presynaptic activity.
We found that ␣-LTX and stimulus trains evoked bursts of quantal responses that consisted of tens to hundreds of events that occur at high frequencies, indicating that vesicles can be rapidly mobilized for release. Whereas AMPAR desensitization is apparent when two vesicles fuse within several milliseconds, re-covery from desensitization occurs rapidly, with a time constant of 5 ms at 35°C. Thus, rapid mobilization of vesicles and fast recovery from desensitization make the granule cell to stellate cell synapse well suited to sustain transmission at high frequency, even if the synaptic contact consists of a single release site.
Materials and Methods
Sagittal and transverse slices (250 m thick) were prepared from the cerebellar vermis of 16-to 19-d-old Sprague Dawley rats as described previously (Regehr and Mintz, 1994) . Slices were superfused at 2-3 ml/ min with an external solution consisting of (in mM) 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 25 glucose, bubbled with 95% O 2 /5% CO 2 .
Whole-cell recordings were obtained from visually identified stellate cells in the outer two-thirds of the molecular layer using two to five M⍀ glass pipettes. The internal solution consisted of (in mM) 35 CsF, 100 CsCl, 10 EGTA, and 10 HEPES, adjusted to pH 7.2 with CsOH. The access resistance and leak current were monitored, and experiments were rejected if either of these parameters increased significantly during the recording. AMPAR-mediated postsynaptic currents were recorded at a holding potential of Ϫ60 mV. Bicuculline (20 M) and 5 m 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphoric acid (CPP) were present in all experiments in the bath solution to block GABA A receptor-mediated synaptic currents, and NMDA receptor-mediated synaptic currents, respectively. For the experiments with ␣-LTX, 0.5 M tetrodotoxin was present to block voltage-dependent Na ϩ channels. ␣-LTX (10 nM; Sigma, St. Louis, MO) dissolved in external saline was applied with a picospritzer (PV-820; World Precision Instruments, Sarasota, FL) using a glass pipette (2-5 M⍀). ␣-LTX was puffed onto the molecular layer of a sagittal slice preparation for brief durations (2-8 s) at Ն50 m from the recorded cell. Because ␣-LTX was applied with a short puff and was subsequently diluted, the concentration of ␣-LTX used here was higher than in previous studies in which the toxin was bath applied (0.1-1 nM) (Auger and Marty, 1997; Rigo et al., 2003) . Because of the brief and localized nature of the ␣-LTX application, bursts of miniature EPSCs (mEPSCs) were infrequent and typically occurred with a latency of several minutes after a puff. If no bursts were observed in ϳ5 min after the first puff, the position of the application pipette was moved and another puff of ␣-LTX was delivered. Bursts of mEPSCs evoked by ␣-LTX could be unambiguously detected because of a dramatically elevated event frequency, typically more than two orders of magnitude higher than the low spontaneous mEPSC frequency (0.1 Hz; n ϭ 6) (see Fig. 1 ), or the interburst frequency after the application of ␣-LTX (1.5 Ϯ 0.3 Hz; n ϭ 48). Across all experiments, the ratio of the burst frequency to the spontaneous mEPSC frequency of the preceding interburst interval was 175 Ϯ 50 (n ϭ 48). Any overlapping bursts were excluded from the analysis. For the extracellular stimulation, a pair of 5-10 M⍀ glass pipettes filled with external saline was placed either in the molecular layer or the granule cell layer at Ն50 m from the recorded cell in a transverse slice preparation. Trains of stimuli were delivered every 60 s. Poisson trains [ϳ200 Hz; minimum interstimulus interval (ISI), 2.5 ms] were interleaved with regular trains (100 Hz) to allow study of very shortlatency events. The stimulus intensity was set just above the threshold for evoking events during the train to minimize the likelihood of recruiting Ͼ1 input onto the stellate cell. Under these conditions, the onset of the EPSCs during the train was variable and some trials produced no events during the train.
Outputs from an Axopatch 200A (Molecular Devices, Foster City, CA) amplifier were digitized with an ITC-18 A/D converter (Instrutech, Great Neck, NY) using custom routines (written by M. A. Xu-Friedman, State University of New York, Buffalo, NY) in Igor Pro (Wavemetrics, Lake Oswego, OR). Recordings were sampled at 25-100 kHz and filtered at 2.5-5 kHz. Experiments were performed at either room temperature (22-24°C) or near physiological temperature (34 -36°C) as indicated. Experiments with ␣-LTX were performed in presence of external CaCl 2 concentrations of 0.5-4 mM in an attempt to systematically vary the intraburst event frequency. However, variations in external CaCl 2 did not significantly influence event number ( p ϭ 0.18), frequency ( p ϭ 0.58), or amplitude ( p ϭ 0.98) and results were pooled. All extracellular stimulation experiments were performed in 2 mM CaCl 2 at 34 -36°C. All chemicals were from Sigma except CPP, 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX), DL-threobenzyloxyaspartic acid (TBOA), cyclothiazide (CTZ), and ␥-Dglutamylglycine (DGG) (Tocris Cookson, Ellisville, MO).
The detection of postsynaptic currents was accomplished by setting a detection threshold for the first derivative of the current trace and using these level crossings to search for event peaks on the raw current trace. The minimal threshold for detection of events from the raw current trace was typically 5-15 pA. For pairs of overlapping events, the amplitude of the second event was determined by scaling the average mEPSC waveform to the peak of the first event and subtracting it from the current trace (see Fig. 3D ). Closely spaced events could be detected reliably provided they were separated by at least 150 s. For ␣-LTX-evoked bursts, the number of events plotted versus interevent interval (⌬t) was well approximated by an exponential except that for 0 Ͻ ⌬t Ͻ 500 s there were fewer events than expected. If we attribute this deviation to our inability to detect closely spaced events, we estimate that we miss Ͻ1% of the events during a burst, which would not significantly alter our conclusions. For stimulation trains, we estimate the fraction of events that we are unable to detect based on the peristimulus time histogram [p(t)] by taking the weighted average of the probability of having two events within a 300 s bin [p(t) 2 ]. Using this approach, we estimate that we fail to detect 1.3 Ϯ 0.5% (n ϭ 13) of the events. To summarize data across bursts or stimulus trains, the event amplitudes in each burst or train were normalized to the average amplitude for events in that burst or train separated by at least 20 ms. For the extracellular stimulation, only experiments in which the coefficient of variation for these well separated events was Ͻ0.35 were considered for additional analysis (n ϭ 13). This coefficient of variation corresponds to the values observed for bursts recorded under the same experimental conditions (2 CaCl 2 , 35°C; range, 0.17-0.4; mean, 0.29 Ϯ 0.02). The normalized amplitudes and corresponding ⌬t values from each burst or train were combined. The events were sorted by ⌬t value into 16 logarithmic bins across a range from 0.1 to 100 ms, and the average normalized amplitude was determined. Bins containing less than three events were not included in the analysis. Analysis was performed using Igor Pro software (Wavemetrics). Data are expressed as mean Ϯ SEM, except for time constant and amplitude values from exponential fits, which are mean Ϯ SD. Statistical significance was determined with t tests and with single-factor ANOVA tests.
Results

␣-LTX triggers bursts of mEPSCs from single sites
To study vesicle mobilization and AMPAR desensitization at single release sites, we first set out to determine whether ␣-LTX can trigger bursts from individual glutamatergic release sites, as has been observed for GABAergic synapses onto stellate cells (Auger and Marty, 1997) . mEPSCs in stellate cells are large and readily detected, and their low frequency makes them ideal for studying single release sites with ␣-LTX. This is evident in a representative recording from a stellate cell of spontaneous AMPAR-mediated mEPSCs collected at 35°C (Fig. 1 A) . Across cells, these events occur at a low average frequency of 0.12 Ϯ 0.01 Hz (n ϭ 6). The relative ease with which the amplitudes and decay time constants of mEPSCs can be determined provides an important means of characterizing mEPSCs during bursts and assessing whether they arise from a single release site. A high degree of scatter in a plot of the amplitude versus decay time constant for each spontaneous mEPSC collected over a 10 min period indicates a large variation in these parameters (Fig. 1 B) . The coefficient of variation (CV) among spontaneous events in these recordings is 0.67 Ϯ 0.05 (n ϭ 6) for mEPSC amplitudes and 0.47 Ϯ 0.06 (n ϭ 6) for the decay time constants. The large degree of heterogeneity of the spontaneous events suggests that they arise from multiple release sites onto the recorded cell.
The application ␣-LTX (10 nM) to the slice produced discrete bursts of tens to hundreds of mEPSCs at 35°C (Fig. 1C ) and at room temperature ( Fig. 1 E) . Bursts of mEPSCs were observed with a latency of several minutes after a brief puff of the toxin onto the molecular layer (see Materials and Methods). Several lines of evidence suggest that mEPSCs during a burst arise from a single release site. First, the events within a burst exhibit a lower variation in amplitude and decay time constant relative to spontaneous mEPSCs ( Fig. 1 D, F (Xu-Friedman et al., 2001; Shepherd and Raastad, 2003) , it is highly likely that an isolated burst reflects the effect of ␣-LTX on a single release site. Fourth, the average frequency attained within a burst is markedly higher than observed for spontaneous mEPSCs, suggesting that contamination by events from other sites is minimal. ␣-LTX-triggered bursts exhibit an average frequency of 17 Ϯ 3 Hz (n ϭ 23) at 24°C, which increases to 47 Ϯ 5 Hz (n ϭ 48) at 35°C. Overall, these observations indicate that ␣-LTX triggers bursts of mEPSCs from individual glutamatergic release sites.
Rapid vesicle mobilization occurs at single release sites
The frequency of mEPSCs during an ␣-LTX-induced burst provides insight into the ability of the bouton to mobilize vesicles for release. Release triggered by ␣-LTX requires functional SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins (Capogna et al., 1997; Sudhof, 2001 ), suggesting that endogenous pathways for mobilizing and docking vesicles are involved, but appears to act upstream of late priming steps (Augustin et al., 1999) and calcium triggering (Khvotchev et al., 2000; Sudhof, 2001) . A burst of mEPSCs with a particularly high average frequency, consisting of Ͼ80 events occurring within ϳ1 s (83 Hz), is shown in Figure 2 A. In an expanded view of the burst (Fig. 2 B) , it is evident that the interevent interval (⌬t) is variable, and can be short enough that successive events overlap despite the rapid decay of the mEPSC ( ϭ 0.72 ms). A histogram of ⌬t values within a burst at a single site is well approximated by a single exponential, indicating that events show a Poisson distribution (Fig. 2C) . The average mEPSC frequency within a burst is much higher than that observed for spontaneous mEPSCs, and is generally tens to hundreds of Hertz (Fig. 2 D) . The average burst frequency was Ͼ30-fold higher than the average preburst mEPSC frequency in the presence of ␣-LTX (47 Ϯ 5 Hz vs 1.5 Ϯ 0.3 Hz; n ϭ 48). When calculated for each individual burst, the ratio of the burst frequency to the frequency of events preceding the burst was on average 175 Ϯ 50 (n ϭ 48), suggesting that Ͻ1% of the events in a burst arise from other release sites. A plot of ⌬t versus event number averaged across bursts at 24°C (n ϭ 17) ( Fig. 2 E, open gray circles) and a corresponding running average ( Fig. 2 E, filled gray circles) indicate that the latency between events increases during the course of a burst at this temperature. The reason for this decrease in event frequency during bursts at 24°C is not understood. One possibility is that it could indicate the depletion of a release-ready pool, but it may also reflect the activation triggered by ␣-LTX. However, at 35°C (n ϭ 48) ( Fig. 2 E, black circles) no change in the average latency is observed and release can be maintained at high frequency for many events with no diminution in release rate. Overall, ␣-LTX-triggered bursts vary in number of events from tens to hundreds (average, 90 Ϯ 8; n ϭ 48) and there is no obvious correlation between number of events in a burst and the average burst frequency (47 Ϯ 5 Hz) (Fig. 2 F) .
The large number of events in a burst suggests that single sites can rapidly mobilize large numbers of synaptic vesicles for re- lease. Bursts of mEPSCs triggered by ␣-LTX consist of 90 events on average, yet ultrastructural studies indicate that granule cell boutons contain an average of seven to eight morphologically docked vesicles (Xu-Friedman et al., 2001) . Although ultrastructural data are only available for boutons associated with Purkinje cells, the similarity in the facilitation and delayed release of granule cell synapses onto Purkinje cells and stellate cells suggests that the presynaptic properties of these synapses are remarkably similar (Atluri and Regehr, 1998) . This suggests that at granule cell boutons onto stellate cells vesicles must be mobilized from a reserve pool during bursts. The high frequencies of mEPSCs during bursts indicate that individual sites have a remarkable capacity for vesicle mobilization and that 10 -100 vesicles can be rapidly transferred to the release-ready pool. The average burst frequency of 47 Hz at 35°C provides an estimate of 21 ms for the time taken to mobilize vesicles from a reserve to the release-ready pool. This is a reasonable estimate because the average event latency remains constant during the course of a burst at this temperature (Fig. 2 E) . mEPSC amplitude within a burst depends on release frequency Bursts triggered by ␣-LTX allow a direct measurement of synaptic responses at a single release site. A subset of events from a representative burst, which are separated by a ⌬t of at least 10 ms, are shown superimposed in Figure 3A . The amplitude histogram (average, 93 pA) ( Fig. 3B ) and decay time constant histogram (average, 0.75 ms) (Fig. 3C ) for this subset of well isolated mEPSCs exhibit a Gaussian distribution. This distribution of event amplitudes is consistent with the distribution of mPSCs from single release sites at several, but not all, central synapses (Bekkers and Stevens, 1995; Liu and Tsien, 1995; Silver et al., 1996; Auger and Marty, 1997; Forti et al., 1997; Nusser et al., 2001 ). The average CV value for mEPSC amplitude within a burst is 0.29 Ϯ 0.02 (n ϭ 17). Whereas the variation in amplitude within a burst is significantly lower than for spontaneous mEPSCs (CV, 0.67 Ϯ 0.05; n ϭ 6; p Ͻ 0.001) (Fig. 1) , the CV values are higher than those reported previously at inhibitory synapses onto stellate cells (0.14 Ϯ 0.05) (Auger and Marty, 1997) . The higher CV values suggest that, in stellate cells, a single vesicle of glutamate results in a lower occupancy of AMPARs than is typical of GABA A receptors after quantal GABA release.
␣-LTX bursts allow an analysis of synaptic responses during very rapid bouts of vesicle release, from which the frequency dependence of mEPSC amplitude can be assessed. Figure 3D shows an example of two successive mEPSCs in a burst with a very brief ⌬t, and a schematic illustrating the correction to determine mEPSC amplitude when ⌬t is small and events overlap (see Materials and Methods). This overlap occurs when ⌬t is shorter than the decay time for an mEPSC, which is very rapid in stellate cells (average, 0.72 ms) (Fig. 3E ). The average mEPSC for each burst, obtained from the plot in Figure 3A , is shown normalized and superimposed in Figure 3E (gray traces), along with the average across all bursts (black trace). The decay of the average mEPSC across all bursts is approximated by a single exponential with a time constant of 0.720 Ϯ 0.003 ms (35°C).
We examined the frequency dependence of mEPSC amplitude, which can arise through use-dependent processes such as AMPAR saturation or desensitization by plotting the mEPSC amplitude as a function of ⌬t. AMPAR saturation or desensitization can occur when released vesicles interact with a single population of postsynaptic receptors, and would result in a decrease in mEPSC amplitude at short latency. This is indeed evident in a plot of mEPSC amplitude versus ⌬t for a representative burst (Fig. 3F ). An accurate quantitation of the dependence of mEPSC amplitude on ⌬t was difficult to obtain for some individual bursts because of the lack of a sufficient number of events at very short latencies. Therefore, we determined the frequency dependence of synaptic responses at a single site by compiling events from all bursts recorded under the same conditions (see Materials and Methods). Across all individual release sites, the mEPSC amplitude within a burst was indeed reduced if it followed another mEPSC with short latency. At 35°C (n ϭ 17 bursts; 1184 events), . B, Expanded view of the burst shown in A demonstrating that the instantaneous frequency can reach several hundred Hertz. C, Histogram of interevent intervals (⌬t) within a representative burst, fit with a single exponential ( ϭ 27 ms). D, Cumulative histogram comparing the average frequency of spontaneous mEPSCs (gray line; n ϭ 6 cells) and ␣-LTX bursts of mEPSCs (black line; n ϭ 48 bursts). E, Plot of the average ⌬t (open circles) versus event number for bursts collected at 24°C (gray; n ϭ 17 bursts) and at 35°C (black; n ϭ 48 bursts). The runningaverages(10point)foreachareshownsuperimposedonthedata(filledcircles).F,Plotofthe averageburstfrequencyduringaburstversusthenumberofeventsinaburst(35°C).DatafrommEPSC bursts in several conditions are summarized: control (n ϭ 17), 100 M CTZ (n ϭ 6), 100 M CTZ plus 2 mM DGG (n ϭ 10), 1 mM DGG (n ϭ 6), and 100 -300 M TBOA (n ϭ 8). The burst shown in A is denoted by the filled circle. There is no significant difference between groups in the event frequency of ␣-LTX-evoked bursts recorded under these conditions (ANOVA, p ϭ 0.48).
the data are well approximated by a single exponential with a time constant of 4.8 Ϯ 0.2 ms (Fig. 3G, dotted line) , consistent with the involvement of a single population of postsynaptic receptors. The synaptic responses maintain a high fidelity across a broad range of ⌬t values, decreasing only when the instantaneous frequency (1/⌬t) surpasses 100 Hz. The magnitude of the reduction in mEPSC amplitude at ⌬t ϭ 0 obtained from the fit is 32 Ϯ 1%.
The reduction in mEPSC amplitude at short latencies could be caused by high occupancy of postsynaptic receptors and/or receptor desensitization. Insight into these possibilities can be gained by comparing the time course of the recovery of mEPSC amplitude to that of the decay of the mEPSC. If saturation of the postsynaptic receptors is the predominant cause of the reduction in mEPSC amplitude at short latency, the time course of the recovery of mEPSC amplitude should match the time course of mEPSC decay, as has been shown for single inhibitory synapses onto stellate cells (Auger and Marty, 1997) . Figure 3H compares the decay of the average mEPSC at 35°C (solid line) to the recovery of mEPSC amplitude with ⌬t (open boxes), where both are normalized to the same time point. The recovery of mEPSC amplitude ( ϭ 4.8 ms, dotted line) outlasts the decay of the mEPSC ( ϭ 0.72 ms), suggesting that postsynaptic receptor saturation alone cannot account for the reduction of the mEPSC amplitude. A similar relationship is observed at 24°C (n ϭ 17 bursts; 1250 events), where the mEPSC decays with ϭ 1.000 Ϯ 0.004 ms (Fig. 3I , solid line) and the reduction in mEPSC amplitude (open boxes) is approximated by a doubleexponential function, with 1 ϭ 0.80 ms and 2 ϭ 20 ms (Fig. 3I , dotted line). These data indicate that single sites can maintain highfrequency transmission with remarkable fidelity. Use-dependent decreases in mEPSC amplitude are only apparent when the frequency of vesicle release is extremely rapid. Moreover, the time course of the recovery of mEPSC amplitude suggests that saturation alone is not sufficient and that receptor desensitization may play a role.
Receptor desensitization contributes to the frequencydependent reduction in mEPSC amplitude at a single release site We next examined the contribution of AMPA receptor desensitization to the reduction in mEPSC amplitude observed with decreases in ⌬t. Bursts of mEPSCs triggered by ␣-LTX were collected in the presence of 100 M CTZ, an allosteric modulator that prevents receptor desensitization and enhances the apparent affinity of AMPARs for glutamate (Patneau et al., 1993; Yamada and Tang, 1993) . A portion of a representative burst collected at 35°C in the presence of 100 M CTZ is shown in Figure 4 A. With CTZ present, the amplitude of mEPSCs in the burst appears to saturate during rapid bouts of release. The average mEPSC amplitude for bursts collected in the presence of CTZ (190 Ϯ 33 pA; n ϭ 6 bursts) is significantly larger than for control bursts (79 Ϯ 10 pA; n ϭ 17; p Ͻ 0.005). In addition, the time course of decay of the mEPSC is markedly slowed in the presence of CTZ, and the average mEPSC across all bursts under these conditions (Fig. 4 B, black trace) is approximated by a double exponential with 1 ϭ 1.1 ms and 2 ϭ 5.0 ms. These actions of CTZ are consistent with an increase in the apparent affinity of AMPARs for glutamate.
The relationship between amplitude and ⌬t for the representative burst is shown in Figure 4C , with a reduction in mEPSC amplitude apparent despite the variation in mEPSC amplitude. This is likely attributed to the slower mEPSC decay, and the apparent saturation of the responses in the presence of CTZ. A summary for all bursts recorded in 100 M CTZ at 35°C (n ϭ 6 bursts; 600 events) is shown in Figure 4 D, along with a singleexponential fit of the data (dotted line; ϭ 5.1 Ϯ 0.4 ms). If, under control conditions, desensitization contributes to the slow recovery of mEPSC amplitude relative to mEPSC decay, when desensitization is prevented with CTZ mEPSC amplitude should recover with a time course that matches the time course of mEPSC decay. Figure 4 E compares the decay of the average mEPSC in CTZ at 35°C (black trace) to the reduction in mEPSC amplitude with ⌬t in CTZ (open boxes), both normalized to the same time point. The reduction in mEPSC amplitude ( ϭ 5.1 ms; dotted line) closely tracks the decay of the mEPSC ( 1 ϭ 1.1; 2 ϭ 5.0 ms). This relationship persists at room temperature (n ϭ 5 bursts; 507 events) (Fig. 4 F) , where both the decay of the mEPSC ( 1 ϭ 2.3; 2 ϭ 12 ms; solid line) and the time course for the recovery of mEPSC amplitude ( ϭ 13 ms; open boxes; dotted line) are slower, but more closely aligned. These data, together with Figure 3 , suggest that AMPA receptor desensitization contributes to the reduction in mEPSC amplitude under control conditions when the latency between events in a burst is short.
Reducing AMPA receptor occupancy with a low-affinity antagonist dramatically reduces the dependence of mEPSC amplitude on ⌬t The magnitude of the decrease in mEPSC amplitude for closely spaced events during ␣-LTX bursts suggests that a single vesicle releases enough glutamate to bind and desensitize a significant fraction of AMPARs. With desensitization blocked by CTZ, the reduction in mEPSC amplitude matches closely the decay of the average mEPSC, suggesting it is attributed to a near saturation of the postsynaptic receptors under those conditions. We next examined the dependence of mEPSC amplitude on ⌬t when both desensitization and saturation are prevented by decreasing AMPAR occupancy with the low-affinity AMPAR antagonist DGG. DGG and glutamate compete for binding sites on the AMPAR, with the low affinity of DGG for the AMPAR leading to a very rapid off-rate. The rapid re-equilibration of DGG-blocked and available receptors makes the extent of DGG inhibition sensitive to the concentration of glutamate in the synaptic cleft, and allows successive mEPSCs to be mediated by different receptors in the postsynaptic density. As a result, DGG can relieve the effects of saturation and desensitization on the postsynaptic AMPARs (Wadiche and Jahr, 2001; Wong et al., 2003; Foster and Regehr, 2004) . We examined the time dependence of mEPSC amplitude for bursts recorded in the presence of CTZ and DGG, and also for bursts collected in DGG alone. As expected, mEPSC amplitudes were smaller in the presence of 100 M CTZ and 2 mM DGG than in 100 M CTZ alone (87 Ϯ 14 pA, n ϭ 10 compared with 191 Ϯ 33 pA, n ϭ 6; p Ͻ 0.05). In the presence of 100 M CTZ and 2 mM DGG, mEPSCs were additive during rapid bouts of vesicle release (Fig. 4G) , in contrast to bursts in CTZ alone, which exhibited saturation (Fig. 4 A) . Most importantly, the dependence of mEPSC amplitude on ⌬t was abolished in 100 M CTZ and 2 mM DGG (n ϭ 10 bursts; 1074 events) (Fig. 4 H) . We further tested the influence of reducing AMPA receptor occupancy without CTZ present. A lower concentration of DGG (1 mM) was used in the absence of CTZ (n ϭ 6 bursts; 680 events) to maintain a high resolution of events (during bursts, mEPSCs were 37 Ϯ 3 pA, n ϭ 6 in the presence of 1 mM DGG compared with 79 Ϯ 10 pA, n ϭ 17 for control). As predicted, mEPSC amplitude was less dependent on ⌬t in the presence of 1 mM DGG relative to control (Fig.  4 I) . Overall, these data indicate that a reduction in receptor occupancy at a single synaptic release site, by preventing desensitization and saturation, can greatly diminish the dependence of mEPSC amplitude on ⌬t.
We also examined the effects of glutamate uptake on by recording ␣-LTX-triggered bursts of mEPSCs at 35°C in the presence of TBOA, a broad spectrum, nontransportable blocker of excitatory amino acid transporters. For bursts collected in the presence of TBOA (n ϭ 8 bursts; 525 events), the mEPSC amplitude was not significantly different from control (90 Ϯ 16 pA, n ϭ 8 vs 79 Ϯ 10 pA, n ϭ 17; p ϭ 0.55) and the decay of the mEPSC had a similar time course to control ( ϭ 0.7 ms). A burst recorded in the presence of 300 M TBOA is shown along with an aligned plot of mEPSC amplitude versus time (Fig. 4 J) . Event amplitude remains constant over time, indicating there is no cumulative desensitization occurring during a sustained bout of release at a single site. The dependence of event amplitude on ⌬t is well approximated by a single exponential with a time constant ϭ 6.8 Ϯ 0.6 ms and an amplitude 23 Ϯ 1%, relative to control bursts ( ϭ 4.8 Ϯ 0.2 ms; amplitude, 32 Ϯ 1%). Overall, these results suggest that glutamate uptake does not play an important role in maintaining synaptic responses when single isolated release sites are activated at a high frequency. This result suggests that glutamate diffusion from the synaptic cleft is sufficiently rapid to terminate the glutamate signal and prevent an accumulation of glutamate in the synaptic cleft during sustained activation at a single site.
A summary of the properties of mEPSCs during bursts suggests that desensitization reduces the amplitude of mEPSCs under control conditions when vesicle fusion occurs rapidly at single release sites (Fig. 4 K) . Under control conditions, both at 24 and 35°C, the recovery of mEPSC amplitude is markedly slower than the decay of the average mEPSC. When AMPAR desensitization is prevented by CTZ, the time course of mEPSC recovery and of mEPSC decay track one another more closely. Preventing desensitization and saturation with a low affinity antagonist dramatically reduces the dependence of mEPSC amplitude on ⌬t. Moreover, for the glutamatergic release sites onto cerebellar stellate cells studied here, the broad spectrum blockade of glutamate transport with TBOA did not dramatically alter the decay of the average mEPSC, or the time constant for the recovery of mEPSC amplitude relative to control conditions.
Synaptically evoked quantal events from single release sites
Our studies of LTX-induced bursts indicate that single release sites are capable of rapid vesicle mobilization and rapid recovery from desensitization. These properties suggest that this synapse can sustain transmission during high-frequency bouts of presynaptic activity. To test this hypothesis, we used a more physiological paradigm by using extracellular stimulation to evoke trains of quantal events from single release sites. These studies required exciting a single granule cell input onto a stellate cell. The low rate of connectivity between granule cells and stellate cells makes paired recording exceedingly difficult. An alternative was to activate cells with minimal extracellular stimulation either with electrodes placed in the granule cell layer, or with electrodes placed in the molecular layer (see Materials and Methods). We took this approach and identified inputs with single release sites using two properties of the ␣-LTX-evoked bursts as criteria for defining the behavior of an individual site. First, the CV for events in a train with ⌬t values Ͼ20 ms was 0.35 or lower (0.30 Ϯ 0.02 for ⌬t Ͼ20 ms; n ϭ 13). This corresponds to the CV values of isolated events observed for bursts recorded under the same experimental conditions (2 CaCl 2 , 35°C; range, 0.17-0.4; mean 0.29 Ϯ 0.02; n ϭ 17). Second, event amplitude was dependent on ⌬t, as predicted for a single site and observed for ␣-LTX-evoked bursts (Fig. 3) .
High-frequency stimulation evoked a series of responses that were similar to the mEPSC bursts evoked by ␣-LTX. This is shown for a train of responses evoked by a regular 100 Hz stimulation train (Fig. 5A,  top) . Poisson trains of ϳ200 Hz (minimum ISI ϭ 2.5 ms) were interleaved with these regular trains to allow the frequency dependence of transmission to be determined for a range of ⌬t values. Evoked EPSCs consisted of quantal events with rapid rise times. In this example, the CV of amplitude for events separated by Ͼ20 ms was 0.26. In this trial, 87 events were observed over the course of 74 stimuli, with no systematic decrease in event amplitude evident during the train (Fig. 5A, bottom) . This indicates that there is no cumulative desensitization of the AMPARs during the train, suggesting that glutamate spillover and pooling does not occur with this minimal stimulation protocol, in contrast to when greater numbers of parallel fibers are stimulated (Carter and Regehr, 2000) . An expanded view of a series of events from the train demonstrates the ability of the release site to follow high-frequency activation, and the occurrence of multiple release events after a single stimulus (Fig.  5B) . A plot of the number of events observed after a stimulus was well approximated by a Poisson distribution with m ϭ 1.07 Ϯ 0.01 (Fig. 5C ). In this example, there were 0, 1, and multiple events observed 34, 36, and 30% of the time, compared with 32, 39, and 29% predicted by a binomial model with n ϭ 8, corresponding to the number of morphologically docked vesicles at granule cell release sites (Xu-Friedman et al., 2001 ) and release probability p v ϭ (m/n) ϭ (1.07/8) ϭ 0.134. A plot of the time between successive events during the stimulus train showed considerable variation, but showed a trend toward increasing during the train (Fig. 5D) . One interpretation of this decrease in the event frequency is that as release-ready vesicles are depleted, the frequency of events later in the train reflects the rate of replenishment from a reserve pool. It could, however, also reflect an inability to sustain reliable highfrequency activation of presynaptic fibers. The poststimulus time histogram com- Below, the amplitude of each mEPSC is plotted against time on the aligned graph. K, Summary of the time constant of recovery of mEPSC amplitude with ⌬t is plotted against the mEPSC decay time constant for bursts under different experimental conditions. In 100 M CTZ, the time constant for singleexponential fits of amplitude versus ⌬t is plotted against 2 from the double-exponential fits of mEPSC decay. For the control data at 24°C, 2 from the double-exponential fit of amplitude versus ⌬t is plotted against the single-exponential fit of the average mEPSC decay.
piled for regular trains from this release site revealed that the majority of events were locked to the stimulus with latencies of ϳ2 ms (Fig. 5E) . A cumulative histogram of event amplitudes compiled for three trains from the same cell showed that events with a ⌬t of 3 ms or less were smaller than events separated by Ͼ10 ms (Fig. 5F ). The time dependence of event amplitude was also apparent in the plot of the amplitude versus ⌬t of the events from the representative train (Fig. 5G) .
A summary of 13 experiments revealed that the evoked EPSCs were reduced by 38 Ϯ 2% immediately after another event, and that the time dependence of this decrease recovered with a time constant of 5.4 Ϯ 0.9 ms (Fig. 6 A, dotted line) . These properties are similar to the properties of mEPSCs during bursts (32 Ϯ 1% reduction and a recovery time constant of 4.8 Ϯ 0.2 ms). The fits for each individual experiment demonstrate the variation across individual release sites in the extent and recovery from desensitization observed (Fig. 6 B, gray lines) . The initial reduction ranged from 29 Ϯ 4% to 51 Ϯ 7%, and the time constants of recovery ranged from 1.4 Ϯ 0.5 ms (open circles, black line) to 15 Ϯ 4.9 ms (Fig. 6 B, closed circles, black line) . There was no significant correlation between the extent of desensitization and recovery from desensitization in these experiments (n ϭ 13) (Fig. 6C) . Overall, this suggests that there is site-to-site variability in the timingdependent decrease in event amplitude.
Distinguishing between one site and two sites using simulations
Whether the quantal events observed during a train arise from a single site or multiple sites is crucial to the interpretation of our observations. It is highly unlikely that the fusion of a single vesicle at one site could consistently lead to desensitization at neighboring sites for synapses on stellate cells; therefore, the prominent desensitization we observed (0.38 Ϯ 0.03; n ϭ 13) suggests that at most two sites could be contributing to the events evoked by a train. Is it possible that the events evoked during trains arise from two sites that give rise to the frequency dependence of EPSC amplitude we observed? We examined this possibility by performing simulations in which it was assumed that the events during a train were produced by either a single site or by two sites. These simulations were based on experimentally determined distributions of quantal sizes for large ⌬t values, the timing of events relative to stimulation, and the observed properties of desensitization. Such a simulation is shown for the experiment in Figure 5 . As shown in Figure 7A , for the fusion of two vesicles at a single site, desensitization decreases the amplitude of the second event. If the events arise from two independent sites, two distinct cases occur. When vesicle fusion at one site is followed by vesicle fusion at a second site, desensitization will not attenuate the amplitude of the second quantal event (Fig. 7B, left) . If both vesicles fuse at the same site then the amplitude of the second event will be greatly attenuated by desensitization (Fig. 7B, right) . In order for the two-site case to give the observed average desensitization as a function of ⌬t, the extent of desensitization must be twice as large as for a single site because only half of the closely spaced events will be affected.
We first considered the case in which event amplitude was determined exclusively by the timing of events and there was no stochastic variability in the amplitude of the events. For a train delivered to a single site, the normalized amplitudes all conformed to the observed extent and recovery of desensitization as a function of ⌬t (Fig. 7C) . For two independent sites, the amplitudes of events at a given site were determined by the ⌬t for events occurring at that site, and were independent of events occurring at the second site. Approximately half of the events showed little or no desensitization, and half showed a large extent of desensitization (Fig. 7D) . Thus, in the absence of stochastic variability, the one-site and two-site cases are readily distinguished. The inclusion of the observed stochastic variation in the amplitudes of the quantal events profoundly affects the relationship between amplitude and ⌬t for both the one-site (Fig. 7C, lower) and two-site (Fig. 7D, lower) cases. In this example, the amplitude of the responses varied with the CV of 0.26 that was observed in the experiment shown in Figure 5 . Even with stochastic variation, a comparison of the amplitude histograms and cumulative amplitude histograms for the one-site (Fig. 7E) and two-site cases (Fig. 7F ) revealed significant differences between the two regarding the CV for events at ⌬t 1 Ͼ20 ms (Fig. 7 E, F, black traces) and ⌬t 2 ϭ 0 -1 ms (Fig. 7 E, F, gray traces) . In this example simulation for a single site, the CV was approximately the same for ⌬t 1 and ⌬t 2 , 0.25 and 0.26, respectively. For two sites, the CV rose from 0.25 for ⌬t 1 to 0.56 for ⌬t 2 because a significant fraction of the events occurring in the range of ⌬t 2 were unaffected by desensitization leading to a larger variability in event amplitude. These simulations were repeated for each experiment (n ϭ 13) using the CV values for ⌬t 1 and the properties of desensitization observed for each one. For a one-site model, the CVs were the same for ⌬t 1 and ⌬t 2 (0.31 Ϯ 0.02 and 0.32 Ϯ 0.02, respectively) (Fig. 7G, left) . For a two-site model, the CVs increased from 0.31 Ϯ 0.02 to 0.51 Ϯ 0.05 for ⌬t 1 and ⌬t 2 , respectively (Fig. 7G, right) . Thus, a comparison of the CVs of the amplitude distributions for widely spaced and closely spaced events can be used to discriminate between one-site and two-site models.
We therefore examined the amplitude distributions for ⌬t 1 and ⌬t 2 for each experiment (n ϭ 13) similar to the one shown in Figure 5 . For these experiments, the CV was virtually unchanged for ⌬t 1 and ⌬t 2 (0.30 Ϯ 0.02 and 0.33 Ϯ 0.01, respectively) (Fig.  7H ). These findings suggest that the quantal events observed during a train arise from vesicle fusion at a single site. They are incompatible with the large increase in CV expected for closely spaced events if two sites were involved.
Reductions in AMPAR occupancy reduce the dependence of EPSC amplitude on ⌬t
If single release sites mediate the events in these evoked trains, preventing desensitization and saturation by reducing AMPAR occupancy with the low-affinity antagonist DGG should minimize the reduction in EPSC amplitude at short latency, as was observed for ␣-LTX-evoked bursts (Fig. 4 H, I ). In contrast, the frequency dependence of event amplitude should persist after wash-in of the high-affinity antagonist NBQX. We next performed wash-in experiments with these AMPAR antagonists to assess their effects on trains of evoked EPSCs from single release sites. Control responses compiled for three sites in which DGG (1-2 mM) was subsequently applied exhibited a time-dependent decrease in event amplitude for closely spaced events, with a time constant of 5.7 Ϯ 0.6 ms, and an amplitude of 46 Ϯ 1% (Fig. 8 A, open circles, dotted line). After the wash-in of DGG, the timedependent decrease in event amplitude for closely spaced events was much less pronounced (15 Ϯ 5% and a time constant of 4.4 Ϯ 4.4 ms) (Fig. 8 A, filled squares, solid line) . On average, DGG reduced the event amplitude to 35 Ϯ 11% of control. Figure  8 B plots the amplitude of short latency mEPSCs (⌬t Ͻ 3 ms), normalized to the amplitude for well separated events (⌬t Ͼ 20 ms), for control conditions and in the presence of DGG. At each individual site (open circles with lines), and for the average of the three sites (filled circles with line), DGG prevents the reduction in event amplitude for short-latency events. These data are consistent with a single population of AMPARs mediating the evoked EPSCs in the train, and that minimizing desensitization with a fastoff antagonist can decrease the frequency-dependent reduction in event amplitude. In contrast, the high-affinity antagonist NBQX did not affect the extent (47 Ϯ 4 vs 38 Ϯ 3% for control) of the decrease in amplitude for closely spaced events (Fig. 8C,D) (n ϭ 3), despite reducing the event amplitude to a similar extent (48 Ϯ 7%).
Thus, the properties of EPSCs evoked by high-frequency stimulation from single synaptic release sites confirm and extend our results obtained with ␣-LTX-evoked bursts. The recovery from desensitization is fast, with a time constant of 5 ms at 35°C. In addition, it is clear that single sites can rapidly mobilize large numbers of vesicles in response to high-frequency stimulation. In all cases, the number of events observed after a stimulus was well approximated by Poisson distributions with m ϭ 0.60 Ϯ 0.26 (ϮSD; n ϭ 13). As for the ␣-LTX-evoked bursts, tens to hundreds of vesicles are mobilized at frequencies of tens to hundreds of Hertz. The average event latency during the course of a stimulation train (Fig. 9A) remains constant for ϳ40 events, and increases modestly as the train progresses. The average latency over the first 40 events is 13 ms (n ϭ 31-56 trains), which increases to 29 ms between 60 and 80 events (n ϭ 12-24 trains). In contrast, ␣-LTX bursts at the same temperature have an average latency of 25 ms over the first 40 events (n ϭ 39 -45 bursts), which remains fairly constant at 28 ms between 60 and 80 events (n ϭ 23-27 bursts). It is particularly important that evoked trains of presynaptic activity can mobilize vesicles at the rates observed for ␣-LTX bursts and higher, given the observation that different populations of vesicles may underlie spontaneous versus evoked synaptic transmission (Sara et al., 2005) . This is apparent in a plot of the average EPSC frequency versus the total number of events evoked by trains (Fig. 9B) . The average event frequency during trains from 13 individual sites was 63 Ϯ 7 Hz, providing an estimate of ϳ15 ms for vesicle replenishment. Together, our data indicate that single release sites at the granule cell to stellate cell synapse are well suited to sustain synaptic transmission at high frequency through a combination of rapid vesicle replenishment (15-20 ms), and fast recovery from desensitization ( ϭ 5 ms). 
Discussion
Here, we find that single glutamatergic release sites at the cerebellar granule cell to stellate cell synapse can sustain synaptic transmission at remarkably high frequencies. Presynaptically, vesicles can be mobilized at rates approaching 100 vesicles per second at single release sites. Postsynaptically, AMPA receptor desensitization recovers within several milliseconds. Together, these presynaptic and postsynaptic properties interact to allow granule cells to maintain synaptic transmission even during prolonged presynaptic activity patterns.
Vesicle mobilization at single release sites
The observation that single granule cell to stellate cell synapses can release vesicles at high rates provides insight into the process of vesicle mobilization, which is a limiting factor in maintaining synaptic efficacy during sustained activity. Because only a small fraction of vesicles are docked at the membrane and competent for immediate release after action potential invasion, vesicles must be transferred from a reserve pool to the release-ready pool. During high-frequency stimulation, vesicles can be released at higher rates than they can be mobilized from reserve pools, leading to depletion and synaptic depression (von Gersdorff and Matthews, 1997; Schneggenburger et al., 2002; Zucker and Regehr, 2002; Foster and Regehr, 2004; Singer and Diamond, 2006) . At granule cell synapses, there are ϳ500 total vesicles associated with individual release sites, of which only seven to eight are morphologically docked (Xu-Friedman et al., 2001) . Therefore, whether evoked by ␣-LTX or extracellular stimulation, bursts of events consisting of many tens to hundreds of events over several seconds must involve the mobilization of vesicles from a reserve pool (Figs. 2 E, 9B) . This is consistent with ultrastructural studies at the frog neuromuscular junction demonstrating that the presynaptic terminal is thoroughly depleted of reserve pool vesicles after ␣-LTX treatment (Ceccarelli et al., 1979) . The average event frequency during a train or burst provides a means of estimating the time taken to mobilize vesicles from a reserve to the releaseready pool. In our experiments, the average frequency across bursts and evoked trains (100 Hz regular and ϳ200 Hz Poisson) at 35°C was 47 Ϯ 5 Hz (n ϭ 48) and 63 Ϯ 7 Hz (n ϭ 13), respectively. In some bursts, the frequency approached 200 events/s. This corresponds to an average of 15-20 ms for mobilization of vesicles from reserve to release ready pools, and just 5 ms at some release sites. The rapid rate of mobilization we observed at granule cell to stellate cell synapses is consistent with the ability of D, F) . Example responses are shown with the timing of vesicle fusion shown above and the resulting currents shown below for a single site (A) and for two sites (B). B, If two sites are present no desensitization occurs if the quantal events reflect fusion at different sites (left), but significant desensitization occurs if two vesicles fuse in rapid succession at the same site (right). Simulations were conducted based on the measured probability of observing a quantal event at any time during the train, and on the observed dependence of event amplitude on the ⌬t value. In this example, there were a total of 300 stimuli at 100 Hz. (C, top) For a single site, the amplitude is given by EPSC ϭ EPSC 0 (1 Ϫ 0.4 exp(Ϫ⌬t/)), where ⌬t is the time between the given fusion and the preceding vesicle fusion. D, Top, For two sites, EPSC ϭ EPSC 0 (1 Ϫ 0.8 exp(Ϫ⌬t/)), where ⌬t is the time between the given fusion and the preceding vesicle fusion at that same site. C, D, Bottom, The variability of EPSC amplitude was included by determining EPSC amplitude stochastically using the observed coefficient of variation for widely spaced events (⌬t Ͼ20 ms) that are unaffected by desensitization. The amplitude distributions for events arising from a single site (E, top) and two sites (F, top) are shown for ⌬t ϭ 0 -1 ms (gray) and ⌬t ϭ 10 -60 ms (black), along with the normalized cumulative histograms for a single site (E, bottom) and two sites (F, bottom). G, The predicted CV values are ⌬t ϭ 20 -100 ms and ⌬t ϭ 0 -1 ms for the single site and two site cases, respectively. H, The observed CV values conform to the prediction for a single site.
these synapses to transmit information during sustained high-frequency firing.
There is considerable diversity in the ability of different central synapses to mobilize vesicles. Many central synapses are much less effective than granule cells at maintaining synaptic efficacy during with high-frequency activity. At the climbing fiber to Purkinje cell synapse, a single stimulus can deplete release-ready vesicles and give rise to prominent synaptic depression (Foster and Regehr, 2004) . Vesicle replenishment occurs with fast and slow components of ϳ100 ms and 3 s, respectively (Dittman and Regehr, 1998; Foster et al., 2002) . This rate of vesicle replenishment is, however, adequate for the climbing fiber synapse, which generally fires at 1-2 Hz in vivo (Thach, 1968) . At some synapses where the presynaptic cell fires rapidly, such as the calyx of Held (500 -800 Hz) (Guinan and Li, 1990; Spirou et al., 1990; Smith et al., 1998) , fast exocytosis of the readily releasable pool and slow vesicle mobilization ( 1 ϳ 200 ms; 2 ϳ 4.5 s) Neher, 2001, 2003; Sun and Wu, 2001 ) result in depletion that limits synaptic efficacy during high-frequency firing (Schneggenburger et al., 2002) . However, although it takes seconds to recover from depletion, the calyx of Held is comprised of hundreds of release sites, and a small fraction of these with release-ready vesicles can produce a large postsynaptic response (von Gersdorff and Borst, 2002) . In contrast, the high rate of vesicle mobilization we observed at the granule cell to stellate cell synapse is reminiscent of the cerebellar mossy fiber to granule cell synapse, where it takes 12-50 ms to translocate, dock, and prime a vesicle (Saviane and Silver, 2006) . Because granule cells and mossy fibers can both fire at high frequency for sustained periods (van Kan et al., 1993; Jorntell and Ekerot, 2006) and contact their targets with a small number of release sites, rapid vesicle mobilization is essential for these synapses to transmit information during prolonged bouts of high-frequency transmission. Thus, the diverse ability of different types of synapses to mobilize vesicles appears to be consistent with the functional roles of the synapses in vivo.
Contribution of AMPAR desensitization to synaptic transmission AMPAR desensitization does not significantly influence transmission at the granule cell to stellate cell synapse until the presynaptic firing rate surpasses 100 Hz. This can be explained in part by the small initial extent of desensitization caused by a single vesicle (ϳ35%), and by a very rapid recovery from desensitization (ϳ5 ms). The primary determinants of the extent and recovery from desensitization are the glutamate signal and receptor composition.
Previous studies suggest that the glutamate signal at stellate cell synapses is short lived, and likely reflects rapid diffusion away from the release site (Barbour et al., 1994) . Our observation that the broad spectrum glutamate uptake inhibitor TBOA does not significantly alter the postsynaptic responses at a single site during a burst at the granule cell-stellate cell synapse is consistent with the rapid diffusion of glutamate from the synaptic cleft terminating the glutamate signal. Such a rapid glutamate signal is quite different from synapses where desensitization is prominent, which usually have multiple closely spaced release sites and lack extensive glial ensheathment between sites (Satzler et al., 2002; Regehr, 2003, 2004) . This ultrastructural arrangement, combined with a high initial probability of release, can lead to glutamate spillover and pooling, which prolongs the glutamate signal and promotes AMPAR desensitization (Trussell et al., 1993; Rozov et al., 2001; Chen et al., 2002; DiGregorio et al., 2002; Regehr, 2003, 2004; Nielsen et al., 2004) . The rapid recovery from desensitization we observed at the granule cell to stellate cell synapse ( Ϸ 5 ms; 35°C) is faster than that reported for the time constants of recovery from desensitization after the application of glutamate pulses to excised patches containing AMPARs from hippocampal CA3/CA1 neurons [50 -60 ms; room temperature (RT)] (Colquhoun et al., 1992) , Purkinje cells (17 ms; 32-35°C) (Wadiche and Jahr, 2001 ), rat caudateputamen neurons (100 -300 ms; RT) (Jahn et al., 1998) , chick nucleus magnocellularis neurons (19 ms; RT) (Trussell et al., filled circles) . B, A plot of the average frequency of events in a train (defined as the number of events divided by the duration between first and last event) against the number of events in the mEPSC train demonstrates that parallel fiber boutons can release tens to hundreds of vesicles (average, 61 events), at frequencies of tens to hundreds of Hertz (average, 63 Hz).
1993), and catfish cone cells (8.7 ms; RT) (Eliasof and Jahr, 1997 ). An explanation for the speed of recovery we observed is that low occupancy results in rapid recovery from desensitization (Robert and Howe, 2003) . Because the glutamate signal after vesicle fusion decays within tens of microseconds, it is difficult to mimic with rapid glutamate application (Clements et al., 1992; Tong and Jahr, 1994; Clements, 1996; Diamond and Jahr, 1997) . As a result, the occupancy of AMPARs could be higher after artificial glutamate application than after the fusion of a single vesicle. Thus, relatively low occupancy after fusion of a vesicle is likely an important factor in the remarkably rapid recovery from desensitization we observed at the granule cell to stellate cell synapse.
The properties of glutamate-induced desensitization of AMPARs also depend on the subunit composition and the association with auxiliary proteins present at the synapse. Flip splice variants tend to be more resistant to desensitization and recover more rapidly from desensitization than flop splice variants Mosbascher et al., 1994; Partin et al., 1994) . Studies of mRNA distribution Sato et al., 1993) , AMPAR rectification Cull-Candy, 2000, 2002) , and sensitivity to cyclothiazide (Partin et al., 1994; CullCandy, 2000, 2002) (Fig. 4) suggest that a significant portion of the AMPARs in stellate cells contain the flip splice variant and that the predominant AMPARs are GluR2/3 heteromers and GluR3 homomers. In excised patches, recombinant receptors composed of these subunits and splice variants recover from desensitization in 50 -130 ms (Schlesinger et al., 2005) . Although this is slower than the recovery from desensitization we observed at this synapse, these experiments were performed at room temperature and desensitization was produced by large, prolonged glutamate signals that promote high receptor occupancy, maximal desensitization, and a correspondingly slow recovery. Furthermore, auxiliary proteins such as stargazin (Nicoll et al., 2006) , which reduces the extent and speeds the recovery from desensitization (Priel et al., 2005; Turetsky et al., 2005) , could contribute to the more rapid recovery from desensitization that we observed in the slice relative to these studies of recombinant receptors.
Summary
Despite the fact that granule cells often contact stellate cells via a single release site, they are capable of influencing stellate cell firing even during sustained presynaptic activity. This is accomplished through rapid vesicle mobilization that prevents vesicle depletion, through rapid recovery from desensitization of AMPA receptors, which maintains the postsynaptic sensitivity, and by having the fusion of just a single vesicle evoke a large response in stellate cell activity.
